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HTLV-I Tax Protein Binds to MEKK1 to Stimulate
IkB Kinase Activity and NF-kB Activation
CREB pathway but not the NF-kB pathway. Tax mutants
that are defective in the NF-kB pathway are also defec-
tive in cellular transformation (Yamaoka et al., 1996).
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express nuclear levels of NF-kB suggests that activationand Richard B. Gaynor*§
of the NF-kB pathway is related to the ability of Tax toDivision of Hematology-Oncology
transform cells (Brockman et al., 1995; McKinsey et al.,*Department of Medicine
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The NF-kB pathway is a key component of the cellularHarold Simmons Cancer Center
response to a variety of extracellular stimuli includingUniversity of Texas Southwestern Medical Center
TNFa, IL-1, and phorbol esters (Baeuerle and Baltimore,Dallas, Texas 75235-8594
1996; Baldwin, 1996). Cellular genes activated by NF-kB³Signal Pharmaceuticals Inc.
include those involved in the inflammatory and immuneSan Diego, California 92121
response and cellular growth control (Baeuerle and Bal-
timore, 1996; Baldwin, 1996). NF-kB is sequestered in
the cytoplasm by a group of inhibitory proteins knownSummary
as IkB of which IkBa, IkBb, and IkBe appear to be the
key members (Baeuerle and Baltimore, 1996; Baldwin,NF-kB, a key regulator of the cellular inflammatory and
1996). Many of the signals leading to the nuclear translo-immune response, is activated by the HTLV-I trans-
cation of NF-kB result in the inducible phosphorylationforming and transactivating protein Tax. We show that
and degradation of IkBa (Brown et al., 1995; Chen etTax binds to the amino terminus of the protein kinase
al., 1995). Following phosphorylation of IkBa on serineMEKK1, a component of an IkB kinase complex, and
residues 32 and 36, IkBa is ubiquitinated and degradedstimulates MEKK1 kinase activity. Tax expression in-
by the proteasome leading to the release of free NF-kBcreases the activity of IkB kinase b (IKKb) to enhance
(Brown et al., 1995; Chen et al., 1995, 1996).phosphorylation of serine residues in IkBa that lead
A 700 kDa complex was characterized which containsto its degradation. Dominant negative mutants of both
kinases that phosphorylate serine residues 32 and 36IKKb and MEKK1 prevent Tax activation of the NF-kB
in IkBa (Chen et al., 1996; Lee et al., 1997). Kinases inpathway. Furthermore, recombinant MEKK1 stimu-
this complex were reported to be activated by TNFalates IKKb phosphorylation of IkBa. Thus, Tax-medi-
treatment of cells or in vitro by the addition of eitherated increases in NF-kB nuclear translocation result
ubiquitin and ubiquitin-conjugating enzymes or the mi-from direct interactions of Tax and MEKK1 leading to
togen-activated protein/extracellular signal-regulated ki-enhanced IKKb phosphorylation of IkBa.
nase kinase 1 (MEKK1) (Chen et al., 1996; Lee et al.,
1997). Fractionation of a similarly sized complex isolatedIntroduction
from TNFa-treated HeLa cells led to the purification and
cloning of the cDNAs of two IkBa kinases, IKKa or IKK-1
Human T cell leukemia virus type I (HTLV-I) is a human
and IKKb or IKK-2 (DiDonato et al., 1997; Mercurio et
retrovirus that is the etiologic agent of adult T cell leuke-
al., 1997; Zandi et al., 1997). These two proteins of 85
mia/lymphoma (Poiesz et al., 1980; Hinuma et al., 1982).
and 87 kDa have 52% identity and contain an amino-
The 40 kDa viral transactivator protein Tax is essential
terminal catalytic domain in addition to carboxy-terminal
for activating HTLV-I gene expression (Cann et al., 1985; helix-loop-helix and leucine zipper domains, which me-
Felber et al., 1985; Sodroski et al., 1985) and for HTLV-I
diate their in vitro and in vivo interactions. Treatment of
transformation of human T lymphocytes (Grassmann et
cells with TNFa and IL-1 increases the kinase activity
al., 1989). Tax activates HTLV-I gene expression by in-
of both IKKa and IKKb. The use of the yeast two-hybrid
creasing the binding of the ATF/CREB proteins and the system to identify components of the IkB kinase path-
coactivator CBP to the three 21 bp repeats in the HTLV-I way downstream of the TNF and IL-1 receptors also
LTR (Zhao and Giam, 1991; Kwok et al., 1996). It also resulted in the isolation of IKKs (ReÂ gnier et al., 1997;
activates gene expression from other viral and cellular Woronicz et al., 1997). Thus, IKKa and IKKb are impor-
genes including IL-2, the IL-2 receptor a, and the human tant cellular kinases that inducibly phosphorylate IkBa.
immunodeficiency virus (HIV-1) through NF-kB binding Tax-mediated increases in the phosphorylation of
sites in each of these promoters (Siekevitz et al., 1987; IkBa on serine residues 32 and 36 and IkBb on serine
Ballard et al., 1988; Leung and Nabel, 1988). residues 19 and 23 lead to the degradation of both IkBa
Tax mutants that activate gene expression via either and IkBb and constitutive nuclear levels of NF-kB
the ATF/CREB or the NF-kB pathways have been identi- (Brockman et al., 1995; McKinsey et al., 1996). Several
fied (Smith and Greene, 1990). For example, a Tax mu- candidate proteins that Tax may target to modulate IKK
tant M47 can activate gene expression from the NF- function include the NF-kB inducing kinase NIK (Malinin
kB but not the ATF/CREB pathway while another Tax et al., 1997; ReÂgnier et al., 1997) and TNF receptor-
mutant M22 can activate gene expression from the ATF/ associated proteins (Rothe et al., 1995), which regulate
NF-kB activation in response to TNFa, MEKK1 (Hirano
et al., 1996; Xu et al., 1996; Lee et al., 1997), and the§To whom correspondence should be addressed.
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Rho family of small G proteins (Perona et al., 1997). In
the current study, we demonstrate that Tax markedly
stimulates the kinase activity of IKKb. Furthermore, we
find that MEKK1 directly stimulates IKKb kinase activity
and that Tax interaction with MEKK1 correlates with
activation of IKKb kinase activity. Thus, Tax modulation
of MEKK1 kinase activity regulates gene expression via
the NF-kB pathway.
Results
Tax Activation of the NF-kB Pathway
Is Mediated by IKKb
Tax activation of the NF-kB pathway involves increases
in IkBa and IkBb phosphorylation and subsequent deg-
radation by the proteasome (Brockman et al., 1995;
McKinsey et al., 1996). To address whether IKKa and
IKKb were involved in Tax activation of the NF-kB path-
way, dominant negative mutants of IKKa and IKKb
(Mercurio et al., 1997; Woronicz et al., 1997; Zandi et al.,
1997) were analyzed. These constructs were transfected
into Jurkat cells with Tax and either HIV-1 LTR CAT or
HTLV-I LTR CAT reporter constructs (Figure 1). Tax has
been demonstrated to activate gene expression from
the HIV-1 LTR via two NF-kB binding sites while Tax
activation of HTLV-I LTR gene expression is mediated
via ATF/CREB binding sites (Smith and Greene, 1990).
IKKb but not IKKa dominant negative mutants inhibited
Tax activation of the HIV-1 LTR (Figure 1A). In contrast to
our results with Tax activation, both dominant negative
IKKa and IKKb constructs inhibited TNFa activation of
the HIV-1 LTR, which is also mediated by NF-kB binding
sites (Figure 1B). Neither IKKa nor IKKb dominant nega-
tive mutants inhibited Tax activation of HTLV-I LTR (Fig-
Figure 1. Tax Activation of NF-kB Is Mediated by IKKbure 1C). These results suggested that Tax activation of
(A) Jurkat cells were transfected with an HIV-1 LTR CAT plasmidthe NF-kB pathway was mediated through effects on
(0.25 mg) in the presence or absence of Tax (3 mg) and differentIKKb, although a role for Tax on modulating IKKa kinase
quantities of either IKKa (K→M) and (SS→AA) or IKKb (K→M) andactivity cannot be ruled out.
(SS→AA) dominant negative cDNA constructs as labeled. The fold
of Tax transactivation is the increase of HIV-1 LTR CAT activity in
the presence of Tax as compared to its absence. Western blot
Tax Regulates IKKb Phosphorylation of IkBa analysis with either the M2 Flag or 12CA5 monoclonal antibody
using extracts prepared from each transfections is shown.Because dominant negative IKKb mutants inhibited Tax
(B) Jurkat cells were transfected with the HIV-1 LTR CAT plasmidactivation of the HIV-1 LTR, we next determined whether
with different quantities of IKKa or IKKb dominant negative cDNAsTax could modify the kinase activity of a transfected
in either the presence or absence of TNFa (20 ng/ml). CAT activity
IKKb cDNA. Immunoprecipitation of IKKb followed by was determined from either untreated or TNFa-treated cells and
kinase assays demonstrated that TNFa increased IKKb was used to calculate the fold of TNFa activation.
phosphorylation of IkBa approximately 20-fold (Figure (C) Jurkat cells were transfected with an HTLV-I LTR CAT plasmid
in the presence of Tax and different amounts of dominant negative2A, lane 2). Similar results were seen when IKKb was
IKKa or IKKb cDNAs. CAT activity and the fold transactivation wastransfected with either wild-type Tax or the Tax M47
calculated as in (A).mutant that activates gene expression from the NF-kB
pathway (Figure 2A, lanes 3 and 5). In contrast, the
Tax mutant M22, which is defective in activating gene stimulate endogenous IKK kinase activity. A rabbit poly-
clonal antibody that could immunoprecipitate the IKKa/expression from the NF-kB pathway, was not able to
activate IKKb kinase activity (Figure 2A, lane 4). Neither IKKb hetrodimer was used to assay kinase activity from
a variety of cell lines that either contained or lacked Tax.Tax nor TNFa increased IKKb phosphorylation of a GST-
IkBa protein mutated at serine residues 32 and 36, indi- These included Jurkat cells, the HTLV-I-transformed T
cell line SLB, and a Jurkat cell line JPX-9, which containscating the specificity of this kinase (Figure 2A, lanes
6±10). These results indicated that Tax could increase the tax gene downstream of the metallothionein pro-
moter and can be induced by the addition of cadmiumIKKb kinase activity, and this correlated with the ability
of specific Tax mutants toactivate gene expression from (Ohtani et al., 1989). IKK kinase activity for the IkBa
substrate was higher in SLB cells (Figure 2B, lane 2) thanNF-kB responsive promoters.
Next it was important to address whether Tax could in untreated or cadmium-treated Jurkat cells (Figure 2B,
Tax and MEKK1 Stimulation of IkB Kinase Activity
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a dominant negative IKKb mutant (Figure 3A). Other
regulators reported to be upstream of MEKK1, including
Rac2, Cdc42, and RhoA (Perona et al., 1997), were also
tested for their ability to regulate Tax activation of the
NF-kB pathway. Dominant negative mutants of these
proteins did not inhibit Tax activation of the HIV-1 LTR
(Figure 3A). These results indicated that Tax activation
of the NF-kB pathway might be mediated by direct ef-
fects on either MEKK1 or NIK.
Next we tested the role of several of these dominant
negative mutants in inhibiting TNFa activation of the
HIV-1 LTR. Using the same amount of transfected DNA
(6 mg) as in Figure 3A, both dominant negative IKKa and
IKKb mutants potently inhibited TNFa-mediated activa-
tion of NF-kB gene expression (Figure 3B). The MEKK1
(D1369A) mutant only modestly inhibited TNFa activa-
tion of gene expression (Figure 3B). In contrast, domi-
Figure 2. Tax Regulates IKKb Phosphorylation of IkBa nant negative NIK and TRAF2 mutants inhibited TNFa
(A) COS cells were transfected with IKKb (0.1 mg) alone (lane 1); activation of gene expression to same extent as IKKa
with TNFa (20 ng/ml) for 10 min prior to harvest (lane 2); or in the and IKKb mutants (Figure 3B). Western blot analysis of
presence of wild-type tax (lane 3), the M22 (lane 4), or the M47 tax
a set of extracts used in Figures 3A and 3B that each(lane 5) cDNAs as indicated and harvested 24 hr later. Kinase assays
contained 6 mg of the dominant negative mutants dem-were performed using a wild-type (lanes 1±5) or a serine 32/36
onstrated similar expression of the same constructs.mutant (lanes 6±10) of GST-IkBa (amino acids 1±54) as a substrate.
Western blot analysis from each transfection was performed with These results suggested that NIK and MEKK1 may have
the M2 Flag monoclonal antibody. differential effects leading to the activation of NF-kB in
(B) Extract was prepared from Jurkat cells, the HTLV-I-transformed response to either Tax or TNFa.
T cell line SLB, the Jurkat cell line JPX-9 in either the absence
To better define the relationship between MEKK1 and(lane 3) or presence of 20 mM cadmium (lane 4), Jurkat cells in the
Tax in activating the NF-kB pathway, MEKK1 and/or Taxpresence of cadmium (lane 5), or COS cells transfected with IKKb
were assayed for their ability to activategene expression(lane 6). Immunoprecipitation with a polyclonal antibody that recog-
nizes IKKa/IKKb was performed followed by kinase assays using from the HIV-1 LTR (Figure 3C). MEKK1 alone activated
GST-IkBa (amino acids 1±54) as a substrate. In the bottom panels, HIV-1 LTR gene expression, and cotransfection of both
Western blot analysis was performed with either the rabbit poly- MEKK1 and tax expression vectors further enhanced
clonal antibody directed against IKK or a monoclonal antibody di- Tax activation (Figure 3C). Both MEKK1 and Tax failedrected against Tax using the extracts assayed in the kinase assays
to activate gene expression from an HIV-1 LTR constructin lanes 1±4 of the upper panel.
in which the NF-kB binding sites were mutated (Figure
3C). In contrast to its effects on the HIV-1 LTR, MEKK1
lanes 1 and 5). Induction of Tax expression in the JPX-9 failed to enhance Tax activation of the HTLV-I LTR (data
cell line by the addition of cadmium markedly increased not shown). Since dominant negative IKKb mutants in-
endogenous IKK kinase activity for IkBa (Figure 2B, hibited Tax activation of the HIV-1 LTR, we next tested
lanes 3 and 4). Immunoprecipitation with an IKKb-spe- whether either dominant negative IKKa or IKKb mutants
cific antibody also demonstrated Tax activation of en- inhibited MEKK1 activation of the HIV-1 LTR. Dominant
dogenous IKK kinase activity (data not shown). These negative IKKb, but not IKKa mutants, inhibited MEKK1
results demonstrate that Tax activates both endogenous activation of the HIV-1 LTR, indicating that IKKb could
and transfected IKK kinase activity. be a downstream target of both MEKK1 and Tax (Fig-
ure 3D).
MEKK1 Is Critical for Tax Activation of IKKb
Several TNF receptor interacting proteins, protein ki-
nases, and small G proteins have been implicated in A Dominant Negative MEKK1 Mutant Prevents
Tax Stimulation of IKKb Kinase ActivityNF-kB activation. To determine which steps Tax might
target to activate the NF-kB pathway, we tested domi- If MEKK1 acts downstream of Tax, a dominant negative
MEKK1 mutant should block Tax stimulation of IKKbnant negative mutants of these proteins that have a
potential upstream role in activating NF-kB. A dominant kinase activity. An IKKb cDNA was transfected into COS
cells either alone or in the presence of activators of thenegative TRAF2 mutant (aa 87±501) (Rothke et al., 1995),
which blocks TNF activation of NF-kB, did not inhibit NF-kB pathway followed by immunoprecipitation and
an assay for kinase activity. As expected, both TNFaTax activation of the HIV-1 LTR (Figure 3A). In contrast,
a dominant negative mutant of NIK (K429A, K430A) was and NIK potently activated IKKb kinase activity (Figure
4A, lanes 2 and 3). Both Tax and MEKK1 also markedlyable to decrease Tax activation of the HIV-1 LTR (Figure
3A). MEKK1 increases NF-kB-mediated gene expres- stimulated IKKb phosphorylation of IkBa (Figure 4A,
lanes 4 and 5). Consistent with our earlier findings,sion in transfected cells and stimulates IkB kinase activ-
ity in vitro (Hirano et al., 1996; Lee et al., 1997). A domi- MEKK1 (D1369A) prevented Tax stimulation of IKKb ki-
nase activity (Figure 4A, lane 6). These results suggestednant negative mutant of the full-length MEKK1 protein
(D1369A) (Xu et al., 1996) inhibited Tax activation of the that Tax might act through MEKK1 tomodify IKKb kinase
activity directly.HIV-1 LTR to a similar extent as the inhibition seen with
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Figure 3. MEKK1 Is Critical for Tax Activation
of IKKb
(A) Jurkat cells were transfected with the
HIV-1 LTR CAT plasmid (0.25 mg) in either the
presence or absence of tax (3 mg) and 6 mg
of the different dominant negative constructs
as indicated. CAT assays were performed,
and the fold of Tax activation was calculated
as described. Western blots using cell lysates
from each transfection are shown in the bot-
tom panel.
(B) Jurkat cellswere transfected with an HIV-1
LTR CAT plasmid and different quantities of
various dominant negative mutant cDNAs as
indicated in either the presence or absence
of TNFa. CAT activity was determined, and
the fold of activation by TNFa was calculated.
Western blot analysis of the cell lysates from
each transfection containing 6 mg of the dif-
ferent dominant negative mutants is shown
in bottom panel.
(C) Jurkat cells were transfected with a wild-
type or NF-kB mutated HIV-1 LTR CAT con-
struct alone or in the presence of MEKK1,
tax, or both constructs. The fold of Tax and
MEKK1 activation was calculated.
(D) Jurkat cells were transfected with an
HIV-1 LTRCAT construct, MEKK1, and differ-
ent amounts of dominant negative IKKa and
IKKb mutants as indicated. CAT assays were
performed and the fold of MEKK1 activation
was calculated.
Next we tested the role of activators of the NF-kB in either the presence or absence of wild-type or mutant
tax (Figure 5A). Following immunoprecipitation of MEKK1pathway on activating IKKa kinase activity. An IKKa cDNA
was transfected into COS cells either alone or in the with the 12CA5 monoclonal antibody, [g-32P]ATP was
added and SDS-PAGE and autoradiography were per-presence of activators of the NF-kB pathway. Following
immunoprecipitation, TNFa and NIK strongly activated formed. Wild-type Tax and the M47 Tax mutant (Figure
5A, lanes 2 and 4), but not the M22 mutant (Figure 5A,IKKa kinase activity (Figure 4B, lanes 2 and 3). In con-
trast, MEKK1 and Tax only weakly activated IKKa kinase lane 3), were able to stimulate MEKK1 autophosphoryla-
tion strongly. MEKK1 kinase activity in both the pres-activity (Figure 4B, lanes 4 and 5). These results con-
firmed previous data that IKKb was a much more potent ence and absence of Tax was next assayed in immuno-
precipitation assays using a previously characterizedkinase than IKKa (Mercurio et al., 1997) and indicated
that Tax and MEKK1 were able to activate more strongly substrate, MEK4 (Yan et al., 1994; Winston et al., 1995).
Wild-type Tax stimulated MEKK1 phosphorylation ofIKKb kinase activity as compared to IKKa.
Since MEKK1(D1369A) prevented Tax stimulation of MEK4 (Figure 5B, lanes 2 and 3).
Since Tax could increase MEKK1 kinase activity, itIKKb kinase activity, we expected that this mutant would
also prevent Tax stimulation of NF-kB nuclear transloca- was important to determine whether MEKK1 could mod-
ify IKK kinase activity directly. Baculovirus-producedtion. Gel retardation assays demonstrated that both
MEKK1 and Tax increased the nuclear levels of NF-kB MEKK1 was incubated with immunopurified wild-type
or kinase-inactive IKKa and IKKb proteins in the pres-(Figure 4C, lanes 3 and 4). MEKK1(D1369A) prevented
the ability of Tax to induce NF-kB nuclear translocation ence of unlabeled ATP. Following this initial kinase reac-
tion, GST-IkBa was added in the presence of [g-32P]ATP(Figure 4C, lane 5). The degree of Sp1 binding in these
gel retardation assays was not altered (Figure 4C, lanes to assay for the ability of IKKa and IKKb to phosphory-
late GST-IkBa (Figure 5C, lanes 1±8). Under these condi-2±5). These results suggest that MEKK1 is a downstream
target of Tax. tions, recombinant MEKK1 stimulated thekinase activity
of the immunopurified IKKb 5-fold (Figure 5C, lanes 5
and 6) but had noeffect on the activityof the immunopur-Tax Stimulates MEKK1 Kinase Activity
Previous data suggested that increases in MEKK1 ki- ified wild-type IKKa (Figure 5C, lanes 1 and 2) or mutants
of either IKKa (Figure 5C, lanes 3 and 4) or IKKb (Figurenase activity were associated with increases in MEKK1
autophosphorylation (Deak and Templeton, 1997). To 5C, lanes 7 and 8). MEKK1 did not stimulate IKKb phos-
phorylation of a GST-IkBa protein mutant at serine resi-determine whether Tax resulted in increased autophos-
phorylation of MEKK1, an influenza hemagglutinin- dues 32 and 36 (data not shown). The kinase activity of
the recombinant MEKK1 was demonstrated by its abilitytagged MEKK1 construct was transfected into COS cells
Tax and MEKK1 Stimulation of IkB Kinase Activity
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Figure 5. Tax and MEKK1 Regulate IKKb Kinase Activity
(A) An influenza hemagglutinin-tagged MEKK1 cDNA (0.1 mg) was
transfected into COS cells with a pCMV5 vector alone (lane 1) or
vectors containing wild-type tax (lane 2), the M22 tax mutant (lane
3), or the M47 tax mutant (lane 4). MEKK1 was immunoprecipitated
with 12CA5 monoclonal antibody followed by kinase assays (lanes
1±4). Recombinant MEKK1 is shown in lane 5. Western blot analysis
of each of the cell lysates with 12CA5 antibody is shown in the
bottom panel (lanes 1±4).
Figure 4. Dominant Negative MEKK1 Prevents Tax Stimulation of (B) COS cells that were transfected with vector alone (lane 1) or
IkBb Kinase Activity and the Nuclear Translocation of NF-kB transfected with MEKK1 in either the absence (lane 2) or presence
of Tax (lane 3) were immunoprecipitated with the 12CA5 monoclonal(A) An IKKb cDNA (0.1 mg) was transfected into COS cells either
antibody and assayed for kinase activity in the presence of the GST-alone (lane 1), in the presence of TNFa (lane 2), or with the various
MEK4 substrate. Recombinant MEKK1 and GST-MEK4 (lane 4) orconstructs as indicated. IKKb was immunoprecipitated with M2 Flag
GST-MEK4 alone (lane 5) were also assayed.monoclonal antibodyfollowed by kinase assays as described. West-
(C) COS cells were transfected with wild-type (lanes 1, 2, 5, and 6)ern blot analysis of each lysate was performed with the M2 Flag
or mutant (lanes 3, 4, 7, and 8) IKKa and IKKb constructs as above,monoclonal antibody.
and these proteins were immunoprecipitated from the cell lysates.(B) An IKKa cDNA (2 mg) was transfected into COS cells alone (lane
The immunoprecipitates were then preincubated in either the pres-1), in the presence of TNFa (lane 2), or with the various constructs as
ence (lanes 1, 3, 5, 7, and 9) or the absence (lanes 2, 4, 6, 8, andlabeled. IKKa was immunoprecipitated with the 12CA5 monoclonal
10) of the recombinant catalytic subunit of MEKK1 and cold ATP.antibody and kinase assays were performed as described. Western
Kinase assays in the presence of [g-32P]ATP were then performedblot analysis of the lysates was performed using the 12CA5 mono-
with either GST-IkBa (lanes 1±8) or GST-MEK4 (lanes 9±10) followedclonal antibody (lanes 1±5).
by SDS-PAGE and autoradiography.(C) COS cells were transfected with the different cDNA constructs
(D) The baculovirus-produced and -purified kinase-deficient mutantas indicated. Nuclear extract (20 mg) was used in gel retardation
IKKb/K44→M was used as a substrate in an in vitro kinase assayassays with an NF-kB (upper panel) or an Sp1 (lower panel) oligonu-
either alone (lane 1) or in the presence of either a MEKK1 catalyticcleotide as probe. Probe alone is shown in lane 1, the extracts from
domain (lane 2) or a full-length MEKK1 protein (lane 3). In addition,the different transfections are shown in lanes 2±5, and Jurkat cell
the MEKK1 catalytic domain (lane 4), the MEKK1 full-length proteinnuclear extract (lane 6) alone or prepared following TPA-treatment
(lane 5), or constitutively active IKKb/SS→EE mutant (lane 6) were(lane 7) is shown as a control for NF-kB nuclear translocation.
each assayed alone.
to phosphorylate MEK4 (Figure 5C, lanes 9 and 10).
with associated proteins directly phosphorylates IKKb,These results suggested that IKKb was a likely substrate
leading to stimulation of its kinase activity for IkBa.for MEKK1 and that MEKK1 phosphorylation of IKKb
increased its kinase activity.
Due to the fact that the IKKb protein exhibits marked In Vivo Interaction between Tax and MEKK1
Correlates with NF-kB Activationautophosphorylation, a kinase-defective IKKb/K→M mu-
tant was used toassay MEKK1 phosphorylation of IKKb. Since MEKK1 and NIK were potential targets for Tax-
mediated activation via the NF-kB pathway and weRecombinant IKKb/K→M purified from SF9 cells was
phosphorylated using both a catalytic fragment and full- could demonstrate no direct interactions between Tax
and IKKa or IKKb (data not shown), we next tested thelength MEKK1 (Figure 5D, lanes 2 and 3), while no similar
phosphorylation was noted in the absence of IKKb/K→M possibility that Tax could directly interact in vivo with
either NIK or MEKK1. HeLa cells were transfected with(Figure 5D, lanes 4 and 5). These results are consistent
with the fact that MEKK1 either alone or in conjunction expression vectors containing either NIK, MEKK1, or tax
Cell
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either alone or in combination. Immunoprecipitation was
performed with an anti-Tax monoclonal antibody fol-
lowed by Western blot analysis with rabbit polyclonal
antibodies directed against either NIK or MEKK1. MEKK1
(Figure 6A, lane 8, top panel) but not NIK (Figure 6A,
lane 4, top panel) was able to coimmunoprecipitate with
Tax. Tax (Figure 6A, middle panel), MEKK1 (Figure 6A,
bottom panel), and NIK (Figure 6A, bottom panel) were
each detected in Western blot analysis of the lysates
that were used in these coimmunoprecipitation studies.
Tax mutants M22 or M47 were also tested for their ability
to associate with MEKK1. The M47 Tax mutant (Figure
6A, lane 12, top panel) but not the Tax M22 mutant
(Figure 6A, lane 10, top panel) coimmunoprecipitated
with the 195 kDa MEKK1 protein. These results sug-
gested that Tax could specifically associate with MEKK1
in vivo.
Next, we addressed whether Tax could specifically
associate with endogenous MEKK1. Extracts from cells
either containing or lacking Tax were first immunopre-
cipitated with either a Tax monoclonal antibody (Figure
6B, lanes 1±4 and 6±9) or a Myc monoclonal antibody
(Figure 6B, lanes 11±14). Following the addition of
[g-32P]ATP, the immunoprecipitated complexes were
disrupted, and a second immunoprecipitation was per-
formed with antibodies directed against either b-galac-
tosidase (Figure 6B, lanes 1±4) or MEKK1 (Figure 6B,
lanes 6±9 and 11±14). The 195 kDa autophosphorylated
MEKK1 protein was detected in cells containing Tax,
which were immunoprecipitated with both Tax and
MEKK1 antibodies (Figure 6B, lanes 7 and 9), but not Figure 6. Tax and MEKK1 Directly Interact In Vivo
when either MEKK1 (Figure 6B, lanes 1±4) or Tax anti- (A) HeLa cells were transfected with a pTM1 expression vector alone
bodies (Figure 6B, lanes 11±14) were omitted. Western or a vector containing various cDNAs as indicated followed by infec-
blot analysis confirmed Tax expression in SLB cells and tion with a recombinant vaccinia virus producing T7 polymerase.
Cells were harvested at 36±48 hr, and the lysates were first immuno-in HeLa cells transfected with an expression vector con-
precipitated with Tax antibody and then analyzed by Western blottaining Tax (data not shown). Using this sequential im-
analysis (top panel) using either NIK (lanes 1±4) or MEKK1 (lanesmunoprecipitation protocol, we also demonstrated that
5±13) polyclonal antibody. Western blot analysis of each cell lysate
wild-type Tax (Figure 6C, lane 1) and the M47 Tax mutant was performed with monoclonal antibody against Tax (middle panel)
(Figure 6C, lane 3), in contrast to the results with the or polyclonal antibody against either NIK or MEKK1 (bottom panel).
M22 Tax mutant (Figure 6C, lane 2), were able to bind (B) Extract was prepared from Jurkat cells (lanes 1, 6, and 11), SLB
cells (lanes 2, 7, and 12), HeLa cells transfected with vector aloneto endogenous MEKK1. These results indicated that Tax
(lanes 3, 8, and 13), or HeLa cells transfected with a pTM1 vectorcan associate with endogenous MEKK1 and that the
expressing either tax (lanes 4, 9, and 14) or MEKK1 (lanes 5 and 10)ability of Tax mutants to associate with MEKK1 corre-
followed by infection with a recombinant vaccinia virus expressing
lated with their ability to activate gene expression from T7 polymerase. Immunoprecipitation was performed by first immu-
the NF-kB pathway. noprecipitating with antibody directed against either Tax (lanes 1±4
and 6±9) or Myc (lanes 11±14) followed by the addition of [g-32P]ATP,
boiling the immunoprecipitates, and performing a second immuno-
precipitation with either b-galactosidase antibody (lanes 1±4) orMapping of In Vitro Interactions between
MEKK1 antibody (lanes 6±9 and 11±14). In lanes 5 and 10, lysatesMEKK1 and Tax
containing transfected MEKK1 were labeled with [g-32P]ATP andIn vivo analysis using the yeast two-hybrid system dem-
then immunoprecipitated directly with either b-galactosidase (lane
onstrated that Tax binds to the N terminus of MEKK1 5) or MEKK1 (lane 10) antibodies.
(data not shown). To define the site of interactions be- (C) HeLa cells were transfected with pTM1 vectors containing wild-
tween Tax and MEKK1, we performed in vitro protein type tax (lane 1), the M22 tax mutant (lane 2), the M47 tax mutant
(lane 3), or MEKK1 alone (lane 4). Immunoprecipitation was per-binding assays with wild-type and mutant Tax proteins
formed with the Tax monoclonal antibody (lanes 1±3) followed byusing different domains of MEKK1 (Figure 7A). Wild-type
the addition of [g-32P]ATP, boiling of the immunoprecipitates, andTax bound to the N-terminal portions of MEKK1 (Figure
a second immunoprecipitation with MEKK1 antibody. The MEKK1-
7A, lanes 3 and 4) but not to the C-terminal portions of transfected cell lysate was labeled with [g-32P]ATP and directly im-
this protein (Figure 7A, lanes 5 and 6). Next we tested munoprecipitated with MEKK1 antibody (lane 4). In the bottom
the ability of wild-type and mutant Tax proteins to inter- panel, the lysates used in the immunoprecipitation were analyzed
by Western blot analysis with Tax antibody.act with the N terminus of MEKK1 (Figures 7B and 7C).
Wild-type Tax (Figure 7B, lanes 1±3) and the M47 Tax
protein associated with the N terminusof MEKK1 (Figure
7B, lanes 4±6), consistent with our in vivo results. On
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of Tax to activate IKKb kinase activity are substantiated
by utilizing Tax mutants that specifically activate either
NF-kB or ATF/CREB pathways. The increase in IKKb
kinase activity is observed only with a Tax mutant that
retains the capacity to activate the NF-kB pathway, pro-
viding a strong correlation between IKKb activation and
NF-kB nuclear localization as a consequence of Tax
expression.
MEKK1 or a closely related kinase is most likely the
signal transducer that is critical in mediating the effects
of Tax on IKKb kinase activity. Multiple lines of evidence
support this hypothesis. First, MEKK1, like Tax, either
directly or through an intermediate phosphorylates IKKb
and activates IKKb both in transfected cells and in vitro.
Second, a kinase-deficient mutant of MEKK1 acts as an
inhibitor of Tax activation of NF-kB-dependent tran-
scription and IKKb kinase activity. Third, Tax binds di-
rectly to both transfected and endogenous MEKK1 as
assessed by in vitro binding, two-hybrid interactions,
and coimmunoprecipitation. Fourth, Tax increases the
kinase activity of a cotransfected MEKK1 protein. Only
Figure 7. In Vitro Interactions of Tax and MEKK1
MEKK4 of the known MEKK family members also con-
(A) Wild-type Tax and the Tax M22 and M47 mutant proteins con- tains this putative Tax binding site (Gerwins et al., 1997).
taining a carboxy-terminal protein kinase A substrate site were 32P-
Further studieswill be required to addresswhether otherlabeled by the addition of the PKA catalytic subunit (Yin et al., 1995).
members of the MEKK family (Blank et al., 1996) mayThe 32P-labeled wild-type Tax protein (20% of input shown in lane
1) was analyzed by incubation with GST alone (lane 2) or GST fusions also be involved in modulating NF-kB activation.
of different portions of MEKK1 as labeled. We find little evidence that Tax effects are mediated
(B) Either 32P-labeled wild-type Tax (lanes 1±3), the Tax M47 mutant by any of several other potential regulators of NF-kB that
(lanes 4±6), or the Tax M22 mutant (lanes 7±9) was bound to the
have been identified. For example, dominant negativeindicated GST fusion proteins followed by SDS-PAGE and autoradi-
mutants of TRAF2 and the small G proteins Rac2, RhoA,ography. Twenty percent of the input protein is shown in lanes 1,
and Cdc42 do not prevent stimulation of IKKb kinase4, and 7; binding to GST beads is shown in lanes 2, 5, and 8; and
binding to GST-MEKK1 (30±220) is shown in lanes 3, 6, and 9. activity by Tax in transfected cells. The mechanism by
(C) A schematic of the GST-MEKK1 fusion proteins used to analyze which NIK modulates Tax activation remains unclear at
Tax binding. this time. Although we find that a dominant negative NIK
mutant can inhibit Tax activation, we find no evidence of
specific interactions between NIK and Tax. Furthermore,
the other hand, the M22 Tax protein failed to bind to we noted that a dominant negative NIK mutant was also
the N terminus of MEKK1 (Figure 7B, lanes 7±9). There- able to inhibit MEKK1 activation of NF-kB (M.-J. Y. and
fore, we conclude that Tax binds directly to the amino R. B. G., unpublished data). It is possible that both
terminus of MEKK1 in a manner that correlates with the MEKK1 and NIK may play a role in modulating Tax acti-
ability of Tax to activate gene expression via the NF-kB vation. This could be due to common factors that regu-
pathway. late both of these pathways. Alternatively, the role of
the dominant negative NIK mutant in inhibiting Tax and
Discussion MEKK1 activation could be due primarily to titration of
IKKa and IKKb proteins. Our data support the notion
In this study, we analyzed the cellular signal transduc- that, at least in the pathophysiological setting of HTLV-I
tion pathways exploited by the HTLV-I Tax protein to infection, MEKK1 is likely an important target for Tax to
activate the NF-kB pathway. We demonstrate that Tax activate gene expression via the NF-kB pathway.
predominately modulates the activity of one of the two MEKK1 contains a C-terminal kinase domain and an
recently identified IkB kinases, IKKb. Dominant negative z1200 residue N terminus of poorly understood function
mutants of IKKb block the action of Tax on NF-kB, while that binds Tax. As is true of many signaling molecules,
comparable mutants of IKKa do not. In contrast, both the function of the domains contained in their N terminus
of these mutants block the ability of TNFa to stimulate most likely is to serve as binding sites for downstream
the NF-kB pathway. It is possible that the failure of IKKa targets or upstream regulators. MEKK1 has been found
dominant negative mutants to inhibit Tax activation of to bind to several protein kinases, including potential
the NF-kB pathway may be related to the fact that these upstream kinases, members of the MEK family, and
mutants are much weaker inhibitors of the NF-kB path- JNK/SAPK (Xu and Cobb, 1997). It is likely that the large
way than dominant negative IKKb mutants (Mercurio et size of MEKK1, nearly 1500 amino acids, permits interac-
al., 1997; Woronicz et al., 1997). Although our activation tions with a variety of different regulatory signals (Xu et
experiments and the use of kinase mutants demonstrate al., 1996). Thus, one intriguing possibility is that MEKK1
a potent effect of Tax on IKKb kinase activity, we cannot may be part of a signalsome complex similar to that
rule out a contribution of IKKa on Tax-mediated activa- found with the related yeast protein STE11, which regu-
lates the yeast mating type pathway (Lange-Carter ettion of the NF-kB pathway. Our conclusions onthe ability
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maintained in RPMI containing 10% fetal bovine serum. Tax expres-al., 1993; Choi et al., 1994). Since a 70 kDa MEKK1
sion from the JPX-9 cell line was induced by the addition of 20catalytic subunit is found in a large molecular weight
mM cadmium. Jurkat cells were transfected by the DEAE-dextrancomplex with IKKa and IKKb (Mercurio et al., 1997), it
method as described (Yin et al., 1995). Cells were treated with TNFa
is possible that Tax modifies the interactions of proteins (20 ng/ml) for 16 hr to assay effects on CAT activity. A portion of the
in this complex to facilitate MEKK1 activation of IKKb cell lysate that was normalized for equivalent CMV-b-galactosidase
activity was used for CAT assays. The CAT activity was quantitatedkinase activity.
by phosphorimager and plotted.Our results suggest that Tax activation of the NF-kB
pathway can bypass upstream regulatory steps such as
Immunoprecipitation and Kinase Assaysthose of the small G proteins and TNFa receptor±
Cells harvested from each transfection were lysed by homogeniza-
interacting factors to modify MEKK1 activity. It appears tion on ice in buffer A containing 100 mM NaCl, 50 mM Tris (pH 8.0), 1
that there are at least two pathways that can converge mM sodium orthovanadate, 1 mM NaF, 0.5 mM b-glycerophosphate,
on IKKa/IKKb to activate the NF-kB pathway. One path- and protease inhibitors (Boehringer). Each of the cell lysates con-
taining 200 mg of protein was incubated with either the anti-Flagway is stimulated by TNFa and likely other physiologic
mAb M2 for IKKb or the anti-HA mAb 12CA5 for IKKa for 4 hr atmediators to activate NIK, which is capable of strongly
48C, followed by the addition of 20 ml of protein A-agarose (Bio-Rad)activating both IKKa and IKKb kinase activity (Rothe et
for 1 hr at 48C. The immunoprecipitation complex was extensively
al., 1995; Malinin et al., 1997; ReÂgnier et al., 1997). In washed, and kinase reaction mixture (10 mCi [g-32P]ATP, 2 mM
this study, we have demonstrated that the HTLV-I Tax MgCl2, 1 mM DTT in buffer A) was added to the agarose beads and
protein binds to MEKK1 and that this leads to activation incubated at 308C for 25 min. For IKKa and IKKb kinase activity
assay, the substrates were 10 mg of either wild-type or S32A/S36Aof a second pathway, which is capable of stimulating
GST-IkBa fusion protein containing amino acids 1±54. For assayspredominantly IKKb kinase activity. It is likely that addi-
of MEKK1 kinase activity, the substrate was GST-MEK4 (100 mg/tional activators of the NF-kB pathway which function
ml). The reaction mixtures were then subjected to SDS-PAGE and
by modulating MEKK1 activity will be identified. It is also autoradiography was performed.
possible that there may be extensive cross-talk between Endogenous IKK activity was assayed in immunoprecipitation
these pathways, which may help explain the previous assays using extracts (200 mg of protein) prepared from Jurkat,
JPX-9, and SLB cells. Either an antibody directed against IKKaresult that the 70 kDa catalytic domain of MEKK1 could
(Santa Cruz #sc-7218) that also reacts with IKKb or an IKKb-specificpotently inhibit TNFa activation of the NF-kB pathway
polyclonal antibody that was raised against amino acids 579±750(Hirano et al., 1996) and Tax activation (M.-J. Y. and
of IKKb was used in these immunoprecipitation assays. Double
R. B. G., unpublished data). immunoprecipitation studies used 500 mg of cell lysates prepared
In summary, Tax expression leads to constitutive acti- from Jurkat, SLB, or HeLa cells containing wild-type Tax and the
vation of endogenous IKK kinase and NF-kB activity in M22 and M47 Tax mutants. Immunoprecipitation was performed
using 5 mg of either Tax or Myc monoclonal antibody followed bya manner that is independent of extracellular stimulation
kinase activity as described. The supernatant from the proteinof signal transduction pathways. The ability of Tax to
A-Sepharose beads was collected following boiling at 958C for 10regulate an important cellular activation pathway results
min, and a second immunoprecipitation was performed with 2 mg
in increased expression from specific cellular genes in- of MEKK1 antibody (C-22, Santa Cruz) or b-galactosidase antibody
cluding IL-2 and the IL-2 receptor (Ballard et al., 1988; followed by SDS-PAGE and autoradiography.
Leung and Nabel, 1988). This modulation of cellular gene For assays of IKK activation by MEKK1, kinase reaction mixture
(10 mM HEPES [pH 7.5], 1 mM DTT, 5 mM MgCl2, 100 mM ATP, 100expression is likely a critical factor in the ability of the
mg/ml BSA with or without 1 ng/ml of the baculovirus produced andHTLV-I Tax protein to transform human T lymphocytes.
purified 70 kDa catalytic domain of MEKK1-designated His-MEKKc)
was added to the agarose beads. As a positive control, reactions
containing 100 ng/ml GST-MEK4 as a substrate were included. AfterExperimental Procedures
incubation at 308C for 30 min, kinase mixture was replaced with 10
mM HEPES (pH 7.5), 1 mM DTT, 5 mM MgCl2, 10 mM b-glycerophos-DNA Plasmid Constructs
phate, 100 mg/ml BSA, 10 mM ATP, 10 mCi [g-32P]ATP, and 50 mg/Expression vectors containing wild-type tax and the tax mutants
ml GST-IkBa fusion protein. After incubation at 308C for 10 min, theM22 and M47 have been described previously (Smith and Greene,
reaction mixtures were then subjected to SDS-PAGE and autoradi-1990) as have the vectors containing wild-type full-length MEKK1,
ography.and dominant negative MEKK1 (D1369A) and GST-MEKK1 fusion
proteins (Xu et al., 1996). The cDNAs for wild-type IKKa and the
Analysis of Tax and MEKK1 Associationmutants K44M (K→M) and S176A/S180A (SS→AA) contained amino-
MEKK1, NIK, wild-type tax, and the tax mutants M22 and M47 wereterminal influenza hemagglutinin sequences while the cDNAs for
cloned downstream of the T7 promoter in the pTM1 expressionwild-type IKKb and the mutants K44M (K→M) and S177A/S181A
vector and expression was performed as previously described (Yin(SS→AA) contained amino-terminal Flag sequences and have been
et al., 1995). Cell lysates (200 mg) were subjected to immunoprecipi-described previously (Mercurio et al., 1997). The wild-type and the
tation with Tax antibody followed by Western blot analysis usingdominant negative (K429A/K430A) NIK and dominant negative
MEKK1 (Santa Cruz, #sc-252) or NIK polyclonal antibodies.TRAF2 (87±501) cDNAs were cloned downstream of the CMV pro-
moter and contained Myc and Flag epitopes, respectively. The wild-
In Vitro Protein Binding Assaystype and dominant negative small G proteins, Rac2 and Rac2 (N17),
PCR was used to generate different fragments of the MEKK1 cDNA,RhoA and RhoA (N19), and Cdc42 and Cdc42 (N17) were Myc-
which were cloned into the pGEX-KG vector to generate GST fusiontagged and have been described previously (Frost et al., 1996).
proteins. The resulting DNAs were transformed into BL21 to gener-
ate the bacterially produced GST fusion proteins. Wild-type and
mutant Tax proteins were purified as described (Yin et al., 1995) andCell Lines and Transfections
COS and HeLa cells were maintained in DMEM and transfected labeled with [g-32P]ATP by the addition of 10 U of cAMP-dependent
protein kinase. Equal amounts of the GST-MEKK1 proteins wereusing lipofectamine. These cells were treated with TNFa (20 ng/ml)
for 10 min before harvesting to assay effects on IKK kinase activity. bound to glutathione agarose beads and incubated with 32P-labeled
wild-type, M22, or M47 Tax proteins at 48C for 2 hr, and subjectedJurkat cells, the Jurkat cell line JPX-9 (Ohtani et al., 1989), and
the HTLV-I-transformed T cell line SLB (Koeffler et al., 1984) were to SDS-PAGE and autoradiography. Gel retardation assays with
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nuclear extracts using NF-kB and SP1 oligonucleotides were per- Transformation to continuous growth of primary human T lympho-
cytes by human T-cell leukemia virus type I X-region genes trans-formed as previously described (Yin et al., 1995).
duced by a Herpesvirus saimiri vector. Proc. Natl. Acad. Sci. USA
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